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a b s t r a c t

This paper considers corrosion wastage of two ship hull structure members as a part of investigated fuel
oil tanks of 25 aging bulk carriers. Taking into account that many factors which influence corrosion
wastage of ship hull structures are of uncertain nature, the related corrosion rate (c1) is considered here
as a real-valued continuous distribution, assuming that the corrosion wastage starts after 5, 6 or 7 years.
In all considered cases, by using available data and applying three basic statistical tests, it is established
that between two-parameter continuous distributions, normal, Weibull and logistic distributions are best
fitted distributions for the mentioned corrosion rate (c1). Note that the presented statistical, numerical
and graphical results concerning two mentioned ship hull structure members allow to compare and
discuss the corresponding probabilistic estimates for the corrosion rate (c1).
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Regarding the duration of the operating cycle and the range of
spatial movements, ships are exposed to a wide spectrum of
different environmental factors that affect the rate of corrosion and
the formation of its various physical forms. Complex external fac-
tors (navigation in different areas and on different routes, atmo-
spheric conditions, seawater, etc.) and internal factors (the
arrangement of ballast tanks, dry spaces and cargo holds, operating
conditions, etc.) determine a trend of corrosion that occurs on ships
in exploitation.

Pollard (1991) proposed the factors affecting the corrosion rate
on tankers while Viner and Tozer (1985) proposed the factors
affecting the corrosion rate on other ship types. These authors
agree that corrosion is accelerated by the salinity of seawater,
temperature, fouling, pollution, layer corrosion, flow velocity, the
distribution of currents, the frequency of tank cleaning, humidity,

oxygen availability, the types of cargo, cargo residues and me-
chanical friction.

The most significant research on the corrosion of bulk carriers
was previously conducted by Yamamoto and Ikegami (1996), Paik
and Thayamballi (2002), Paik et al. (2003a, 2003b, 2003c, 2004);
Paik (2004); Guedes Soares and Garbatov (1999); Gudze and
Melchers (2006, 2008); Melchers (2003); Gardiner and Melchers
(2003). They identified the type of cargo, the time spent in
ballast, the locations and the orientations of the components as the
most important factors fostering the process of bulk carriers
corrosion.

Considering the complexity of the maritime environment, and
having in mind previous research of this scientific field, it is
possible to identify three key groups of factors influencing corro-
sion, as shown in Fig. 1. The factors include atmosphere, marine
environment and some of the ship-specific factors (Fig. 1). Namely,
if some of the ship-specific factors are added to marine environ-
ment and atmosphere, it is clear that the number of influential
factors will be significantly increased (Gardiner and Melchers,
2003; Gudze and Melchers, 2006; Ivo�sevi�c, 2012). The identifica-
tion of numerous influential factors and the knowledge of the
conditions of exploitation represent a prerequisite for the thorough
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understanding of the corrosion process and for the prediction of
possible corrosion damage.

The marine environment is a complex system where biological,
physical and chemical factors significantly contribute to the
corrosion process. The previous research has also shown that the
key biological factors are the lives of bacteria and biomass. Chem-
ical factors are determined through salt and oxygen content, the pH
and some other factors, while physical factors are determined
through the analysis of the influence of temperature, pressure,
water velocity and the loss of matter (Ivo�sevi�c, 2012; Venkatesan,
2000). Among the numerous physical and chemical factors that
determine the influence of atmosphere on the corrosion of ship
structures, most of the recent studies estimate the impacts of air
humidity, temperature and specific air pollutants (Ivo�sevi�c, 2012).

Regarding the various forms of corrosion that can occur in cargo
holds, ballast tanks or in dry spaces due to atmospheric or sea
conditions, it is clear that the factors associated with ship opera-
tions and the construction of bulk carriers have a significant in-
fluence on the rate of corrosion. In that sense, apart from the
aforementioned marine and atmospheric factors affecting corro-
sion, two broad categories of the operational and internal factors
which are characteristic for ship structures should be particularly
emphasized. According to recently conducted research, the key
operational factors accelerating corrosion were considered to be
the relationship type of cargo, the corrosivity of cargo and the
frequency of cargo changes as well as the relationship between the
ballast and the trade routes. On the other hand, the corrosion
protection system, the location and the orientation of the structural
elements determine the key internal factors that affect corrosion
(Guedes Soares et al., 2011; Paik, 2004).

Besides the factors influencing the corrosion process that were
already mentioned and analyzed, there are many other factors such
as the impacts of motor fuel, manipulative equipment and main-
tenance systems, which are all significant to a greater or smaller
extent. Increased fuel heating in tanks and increased frequency of
filling and draining the heated fuel could lead to drastic tempera-
ture changes on contact surfaces, which may result in the acceler-
ated decay of the border structural areas of fuel tanks with adjacent
structural areas. Moreover, the use of manipulative equipment
fosters the process of corrosion, especially in cargo holds. Me-
chanical damage, caused by the influence of various manipulative
equipment triggers the removal of surface protection from the
structural elements of cargo holds. Consequently, the removal of
surface protection causes the rapid formation of a corrosive layer on
the surface of steel plates and stiffening inside the cargo holds,
which is notable especially during the transport of more corrosive
cargo. The use of grabs and other horizontal mechanization
necessary for unloading heavy bulk cargo significantly accelerates
corrosion, while the use of elevators and light grabs for the

transhipment of light bulk cargo (e.g., grains), with lower specific
weight and corrosivity, does not significantly affect the emergence
of corrosion in cargo holds. If the frequency of loading and
unloading operations with cargo increases, then the influence of
manipulative equipment will certainly become more prominent.

The maintenance system of cargo holds, ballast tanks, and other
surfaces which are susceptible to corrosion during the long oper-
ating cycle of a ship, can significantly impact the reduction or ac-
celeration of the corrosion process. Naturally, high quality ship
maintenance is expected to postpone corrosion, while poor main-
tenance accelerates it. However, there has not been research yet
that would address adequate maintenance systems for minimizing
the emergence and the progress of corrosion on the ships in
exploitation.

The changeability of the aforementioned environmental factors
(atmospheric and marine environment), ship-specific and many
other factors can lead to the accelerated process of decay in specific
structural elements of a ship. The beginning and the degree of
corrosion process can be determined only by constant measuring
and monitoring of the ship hull during the exploitation cycle.

For the majority of researchers the observation of ships over a
period of twenty years is a serious challenge, especially when it
comes to the determination of the beginning of corrosion and its
rate. Therefore, previous research was primarily based on the
analysis of the corrosion data available and the variation of corro-
sion time (Gardiner, 1999). This paper presents the corrosion
analysis of two characteristic structural areas of the fuel tanks in
the bulk carriers examined. The research subject is motivated by a
known probabilistic corrosion rate estimation model for some ship
hull structure elements of bulk carriers (Paik and Thayamballi,
2002; Paik et al., 2003a, 2003b). The obtained computational and
statistical results are based on the available measurements data
concerning the corrosion wastage of the structural areas of fuel
tanks in aging bulk carriers in exploitation (Ivo�sevi�c et al., 2017).

The remainder of the paper is organized as follows. Section 2
gives a brief description of the corrosion measurement data
necessary for the purpose of this paper. A motivation for the sta-
tistical analysis presented in this paper and preliminary results
involving a general expression for the depth of corrosion as a power
function of the time, are also given in this section. Section 3 is
devoted to the determination of the best fitted two-parameter
continuous distributions for the corrosion rate of inner bottom
plates (in the sequel, often denoted by IBP) and side watertight
girder (in the sequel, often denoted by SWG) with the fixed value of
the coating life Tcl ¼ 5; 6 or 7 years. This section also gives a sta-
tistical sensitivity analysis on differences of depth of corrosion of
inner bottom plates and side watertight girder of surveyed bulk
carriers. Concluding remarks are given in Section 4.

Fig. 1. Key factors influencing the corrosion of ship structures (Ivo�sevi�c, 2012).
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2. The description of the input data set and preliminary
results

For the purposes of this paper, ultrasonic measurements have
yielded a large data base that has been used by approved Thickness
Measurement Company (see Acknowledgement) in the last two
decades. In accordance with the rules and regulations of the
recognized Classification Society, all data examined were collected
through numerous standardized and very detailed measurements
during the regular Special Survey which was conducted after each
five-year interval of vessel exploitation. The measurements were
performed for almost all hull structures of the aged bulk carriers
that were inspected. The paper, however, analyzes only a part of
these measurements. As a continuation of the previous research,
the paper analyzes only the fuel tanks of aging bulk carriers and
time-conditioned deteriorations caused by general corrosion. Since
previous research examined primarily cargo holds and ballast tanks
(Pollard, 1991; Viner and Tozer, 1985; RINA, 2014), this researchwill
focus on fuel oil tanks only. Additionally, the research may
contribute to the comparison of the degree of corrosion depending
on the influences of the conditions in cargo holds and ballast tanks
on the structural areas analyzed. This research extends previous
research which focused on the fuel tanks and analyzed the data
concerning the corrosion damage on inner bottom plates. The
previous research is extended in terms of the calculations of the
rate and degree of corrosion on two structural areas (inner bottom
plates and side watertight girder) which, from the point of view of
the corrosion effects, were identified as overlooked (Ivo�sevi�c et al.,
2017).

This paper analyzes the data gathered for the two aforemen-
tioned structural areas of the fuel tanks, by varying the assumed
corrosion initiation time. Namely, the two structural areas will be
examined by assuming three different initiation moments e after
five, six and seven years of the coating life (i.e., Tcl ¼ 5; 6 and 7
years). It can be noted that the recent paper by Ivo�sevi�c et al. (2017)
has addressed the data relevant for the inner bottom plates
assuming that the corrosion initiation time was after 4 years
(Tcl ¼ 4 years). Notice that Paik et al. (2003a,b,c) considered three
types of the coating life concerning bulk carriers, namely Tcl ¼ 5; 7.5
and 10 years. It is usually assumed that the coating life follows the
log-normal distribution (Paik et al., 2003b).

2.1. The description of the input measurements corrosion data

This paper examines aged bulk carriers whose fuel oil tanks
were located in double bottom tanks in longitudinal or transverse
arrangement only (Ivo�sevi�c et al., 2017). The research included
twenty-five aged bulk carriers whose age varied between five and
twenty-five years. In that sense, some of the bulk carriers were
monitored two or three times between 2005 and 2017. Due to the
specificities of the orientation of the structural elements and the
constructive solutions for the oil tanks positioning (longitudinal or
transverse arrangement), the measurements of the inner bottom
plates were gathered, while the measurements of the side water-
tight girder plates were gathered through thirty-two special survey
examinations. The reason for that may be the fact that in some aged
bulk carriers fuel oil tanks were placed along the width of the
vessel, up to its shell plating, in which case the fuel tanks did not
have the side watertight girder plates. Therefore, the paper will
focus only on the side watertight girder plates that were in contact
with the boundary ballast tanks (only upper part of girder were
analysed). The research included seventy-one fuel oil tanks in total.
The data were collected through Surveys which divided each fuel
oil tank into 5 sections: two sections in line of after and fore ends of
tanks, and three sections, at equal mutual distances, in the middle

and between the tank ends. In that way, 570 sections were created
in order to analyze all the measurements for this research. The
corrosion is, therefore, measured outside of the fuel oil tanks and
not from inside (Ivo�sevi�c et al., 2017).

Table 1 shows the raw data obtained from 3894 measurements
related to the corrosion wastage of all inner bottom plates of the
ships examined through the thirty-eight surveys, and all side
watertight girder plates of the ships examined through the thirty-
two surveys. The age of ships varied in the following intervals:
0e5 years, 5e10 years, 10e15 years, 15e20 years and 20e25 years.

The data indicating material loss value below 0.3mm were
eliminated from the total of 3894 measurements with the aim of
assessing the real corrosion rate over time. This may be due to the
fact that the metal thickness loss below 0.3mm (in case of the
surfaces that are protected with surface coating) does not indicate
the corrosion initiation, but the permitted variation in the thickness
of built-in metal. In that way, four hundred and sixty-four input
data about IBP and four hundred twenty-two input data about SWG
are taken as input parameters of the research instead of 570
average values.

2.2. Preliminary results

For an excellent survey on investigations of the analytic and
probabilistic corrosion rate estimation model for different hull
structure elements of bulk carriers, see the survey paper by Qin and
Cui (2003). Provided that the corrosion initiates without a transi-
tion time after the effectiveness of coating is lost, it is known that
the corrosion wastage, dðtÞ, may be generally expressed as a power
function of the time (usually expressed in years) after the corrosion
starts (Qin and Cui, 2003; Paik and Thayamballi, 2002; Paik et al.,
2003a, 2003b), i.e.,

dðtÞ ¼ c1ðt � T clÞc2 ; (1)

where dðtÞ is the corrosion wastage; t is the elapsed time after the
plate is used; Tcl is the coating life (i.e., the time without corrosion
which corresponds to the start of failure of the corrosion protection
coating, when there is one); c1 and c2 are positive real coefficients.
This model was proposed by Paik and Thayamballi (2002). The
coefficient c2 may be usually assumed to be 1/3 or pessimistically
assumed to be 1, while the coefficient c1 is indicative of the annual
corrosion rate. It was pointed out by Qin and Cui (2003) that in
most of the studies on time-dependent reliability of ship structures
(Guedes Soares and Garbatov, 1996, 1998a, 1998b, 1999), the effect
of corrosion was represented by an uncertain but constant corro-
sion rate, which resulted in a linear decrease of plate thickness with
time. Namely, for practical design purposes, it is apparent that c2 ¼
1 can be taken, implying that the annualized corrosion rate can be
assumed to be constant (Paik et al., 2003b). It can be noted that the
conventional models of corrosion assume a constant corrosion rate,
which leads to a linear dependence between the material lost and
time. On the other hand, several authors observed that experi-
mental evidence often show that some nonlinear models should be
more appropriate, such as Extended Southwell bilinear model,
Melchers-Southwell nonlinear model, Melchers trilinear model,
Melchers power model, the model proposed by Guedes Soares and

Table 1
The number of measurements performed for each structural area analyzed.

Area/Time 0e5 5e10 10e15 15e20 20e25 Total

IBP 230 266 526 888 1016 2926
SWG 90 98 190 400 180 968

3894
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Garbatov, and the model proposed by Qin and Cui (for more details
on these models, see Qin and Cui, 2003).

In the recent paper by Ivo�sevi�c et al. (2017) the validity of the
expression (1), regarded as a linear function of t (i.e., with c2 ¼ 1),
and proposed by Paik et al. (1998), was verified for the inner bottom
plates of considered 38 ships surveys, under condition that Tcl ¼ 4
years. Namely, the related best fitted linear model for dðtÞ is given
by the expression dðtÞ ¼ 0:135ðt� 4Þ, whence it follows that the
corresponding corrosion rate, rðtÞ, is equal to rðtÞ ¼ d

0 ðtÞ ¼
0:135474. However, if it is assumed that the coating life Tcl is equal
to 5 years, then by using data from Table 1 in Ivo�sevi�c et al. (2017)
(i.e., their average values), we find that related best fitted linear
model for dðtÞ is given by

dðtÞ ¼ 0:145ðt � 5Þ; (2)

and therefore, rðtÞ ¼ 0:145.
As noticed above, this paper also considers the corrosion

wastage for another ship hull structure member, the side water-
tight girder. For these purposes, as well as in the sequel, we will
need the related sorted data involving 32 ship's surveys, as it is
given in Table 2. It can be noted that these measurements data are
used from the approved Thickness Measurement Company (see
Acknowledgement). It can be seen from Table 2 that by ship's
surveys related to the ship's ages less than 5 years, there is no
corrosion wastage for two of these ships, while for other two ships
depth of corrosion is equal to 0.1mm. Accordingly, here it is sup-
posed that for side watertight girder the corrosion wastage starts
after 5 years, which is the value very close to the usual one. For
related discussion motivated by earlier investigations on this topic,
see, e.g., Paik et al. (2003a, 2003b); Juri�si�c et al. (2014, 2017). The
next section considers the cases when Tcl ¼ 5 years, Tcl ¼ 6 years
and Tcl ¼ 7 years (for either of ship hull structure members). It is
also obtained the related best fitted distribution of c1 for inner
bottom plates and side watertight girder concerning each of these
values of the coating life:

By using data in the last column of Table 2, and assuming
that Tcl ¼ 4 years or Tcl ¼ 5 years, the following two expressions
related to the best fitted linearmodel for dðtÞ respectively are dðtÞ ¼
0:1125ðt � 4Þ (for Tcl ¼ 4 years) and dðtÞ ¼ 0:120995ðt � 5Þ (for
Tcl ¼ 5 years), and hence rðtÞ ¼ r are constants with respect to Tcl ¼
4 years or Tcl ¼ 5 years, respectively equal to 0:1125 and 0:120995.
Therefore, these two corrosion rate values are very close to those of
inner bottom plates that appear in Eq. (2).

As noticed by Qin and Cui (2003), in view of the fact that the
corrosion is a function of many variables, many of an uncertain
nature, a probabilistic model is more appropriate to describe the
expected corrosion. In particular, based on the probabilistic model
proposed by Yamamoto et al. (1994); Yamamoto and Ikegami
(1996); Paik et al. (1998, 2003b), it was usually assumed that the
probability density function (PDF) of the corrosion rate follows the
Weibull distribution. As it is shown in Section 3, it is interesting to
observe that this distribution appears as one of the best fitted

distributions for probabilistic estimation of corrosion rate c1for IBP
and side watertight girder with Tcl2f5;6;7g (years) of considered
bulk carriers. By considering the analogous problem concerning the
corrosion rate for outer bottom plates of bulk carriers, Paik et al.
(2003b) established that Weibull density can be adequate fit,
while it was pointed out by Paik et al. (2003b) whether it is the best
fit is of course open to question lacking a goodness of fit study using
other types of probability distributions.

Motivated by the above considerations and the mentioned
previous investigations, the following section studies the probabi-
listic corrosion rate estimation model related to inner bottom
plates and side watertight girder of considered bulk carriers (with
the values Tcl ¼ 5;6;7 years). It can be noted that the same problem
concerning the inner bottom plates of aging bulk carriers under the
assumption that Tcl ¼ 4 years, was extensively considered by
Ivo�sevi�c et al. (2017).

3. The best fitted two-parameter distributions for the
corrosion rate c1

Motivated by the considerations and using preliminary results
given in the previous section, this paper develops a probabilistic
corrosion rate estimation model for both considered ship hull
structure members (IBP and SWG) of bulk carriers. In particular, for
any fixed value Tcl2f5;6;7g (years), the three best fitted distribu-
tions for the corrosion rate c1 of both mentioned ship hull structure
members are established. For these purposes, it is necessary to
consider the corrosion rate c1 as a continuous random variable.

3.1. The estimation of the suitable cumulative distribution function
of corrosion rate c1

This subsection proposes a probabilistic approach for approxi-
mating the Cumulative Distribution Function (CDF) of the corrosion
rate c1 defined in the previous section. Related estimates are
searched only between two-parameter continuous distributions.
Notice that the corresponding problem was considered in Ivo�sevi�c
et al. (2017) for inner bottom plates of bulk carriers under condition
that Tcl ¼ 4, and for these purposes, a total set of 570 measure-
ments of plate thickness reduction due to corrosion, dðtÞ (depth of
corrosion in mm), for inner bottom plates of considered 38 ship's
surveys was used. These data are used together with the total set of
570 measurements of plate thickness reduction due to corrosion,
dðtÞ, for side watertight girder of considered 32 ship's surveys. As it
is shown in Section 2, under the mentioned two sets of measure-
ments (for IBP and SWG), a fitted linear model for determining dðtÞ
is very suitable to determine the related corrosion rate, r. Accord-
ingly, taking c2 ¼ 1 into Eq. (1), it follows that

c1 ¼ dðtÞ
t � Tcl

; (3)

whence it can be seen that c1 significantly depends on Tcl. If FðxÞ (�

Table 2
Averages of plate thickness reduction due to corrosion, dðtÞ (depth of corrosion in mm), for side watertight girder of 32 ship's surveys.

Ship's age
(in year)e

Number of
ship's
surveys

Ship 1 Ship 2 Ship 3 Ship 4 Ship 5 Ship 6 Ship 7 Ship 8 Ship 9 Ship 10 Ship 11 Ship 12 Averages of plate thickness
reduction due to corrosion
(in mm)

0e5 4 0.1 0.1 0.0 0.0 0.05
5e10 4 0.0 0.1 0.1 0.4 0.175
10e15 7 0.2 0.1 0.1 0.5 1.0 2.0 1.4 0.757143
15e20 12 2.4 2.5 0.6 0.2 0.2 0.2 0.4 2.1 1.7 3.2 2.3 0.2 1.3
20e25 5 2.5 3.3 0.9 3.8 5.2 3.14

�S. Ivo�sevi�c et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 165e177168



∞< x< þ ∞) is the cumulative density function of the fitted dis-
tribution for the corrosion rate c1 of any of the mentioned two ship
hull structure members, then

Pðr1 < c1 < r2ÞzFðr2Þ � Fðr1Þ; (4)

where Pð,Þ is the probability function, r1 and r2 are arbitrary
nonnegative real numbers such that r1 < r2. Then from Eqs. (3) and
(4) it follows the following approximate probability estimate for
related plate thickness reduction due to corrosion, DðtÞ:

Pðr1ðt � TclÞ � DðtÞ � r2ðt � TclÞÞzFðr2Þ � Fðr1Þ; (5)

where t > Tcl is a ship's age.

3.2. Test statistics for the best fitted distributions of c1

A statistical approach based on numerous measurements of
plate thickness reduction due to corrosion related to the inner
bottom plates and sidewatertight girder of considered bulk carriers
is presented here in order to establish the best fitted distributions
for the corrosion rate c1. By using KolmogoroveSmirnov test,
Anderson-Darling test and chi-square (c2) test, it is shown that the
best fitted, the second best fitted or the third best fitted distribution
of c1 is normal, Weibull or logistic distribution. This fact is
confirmed under the assumption that the fixed coating life, Tcl is 5,
6 or 7 years.

The goodness of fit shows how well the selected probability
distribution function fits to the measured data. The hypothesis
regarding the distributional form is rejected at the chosen signifi-
cance level if the test statistic is greater than the critical value. In
general, distribution fits the sample data better if the calculated
statistic is lower. There are many statistical tests, but here we use
only the previously three mentioned statistical tests because of
their good characteristics and better overview of the collected data.

KolmogoroveSmirnov test is used to decide if a sample comes
from a continuous distribution and it is measuring the largest ab-
solute vertical difference between sample data and fitted distri-
bution function. This test is more sensitive near the center of the
distribution and it is widely applicable. It's main advantage is that it
is non-parametric and distribution-free. The Anderson-Darling
procedure is a general test that has an advantage over
KolmogoroveSmirnov test because it is improving the test effi-
ciency in the tails. The Chi-Squared test is usually used when a
sample comes from a population of binned data, i.e. observations

can be classified into discrete categories.

3.2.1. The case of inner bottom plates
Firstly consider the case of IBP. Then by using set of 464 mea-

surements data of plate thickness reduction due to corrosion, dðtÞ
(depth of corrosion in mm) with respect to 38 ship's surveys, also
considered by Ivo�sevi�c et al. (2017), Eq. (3) implies the following
statistical results, given in Tables 3e5. In these tablesf ðlÞc1 ðxÞ, f

ðnÞ
c1 ðxÞ

and f ðwÞ
c1 ðxÞ(FðlÞc1 ðxÞ, FðnÞc1 ðxÞ and FðwÞ

c1 ðxÞ) denote the probability den-
sity functions (cumulative distribution functions) of fitted logistic,
normal and Weibull distribution for c1, respectively.

Numerical results from the first part of Tables 3 and 4 (the
case Tcl ¼ 5 years) are graphically presented in Figs. 2 and 3,
respectively.

Table 3b) shows that for Tcl ¼ 5 years and Tcl ¼ 6 years, the best
fitted distribution for corrosion rate c1 of inner bottom plates with
respect to any of three considered basic statistical tests is the
Weibull distribution whose PDF are respectively given by

f ðwÞ
c1 ðxÞ ¼ 87:142x1:135,exp

�
� 40:816x2:135

�
for x

� 0 and f ðwÞ
c1 ðxÞ ¼ 0 for x<0 (6)

f ðwÞ
c1 ðxÞ ¼ 71:337x1:123,exp

�
� 33:6021x2:123

�
for x

� 0 and f ðwÞ
c1 ðxÞ ¼ 0 for x<0

Namely, among the three best fitted distributions (normal,
Weibull and logistic), Weibull distribution had the lowest test
statistic and the highest p-value. Furthermore, Table 3 b) shows
that for Tcl ¼ 7 years, the best fitted distribution for the corrosion
rate c1 of inner bottomplateswith respect to KolmogoroveSmirnov
test is the normal distribution whose PDF is given as

f ðnÞc1 ðxÞ ¼ 4:244,exp
�
� 56:587ðx� 0:185Þ2

�
for �∞< x<

þ∞:

Notice that the means of the above three distributions are
respectively equal to 0.156, 0.169 and 0.185 (mm/year), while their
standard deviations are respectively equal to 0.077, 0.084 and 0.094
(mm/year). Generally, the mean value of c1 corresponds to the
related corrosion rate of IBP.

For example, from the above expression and the estimate given
by Eq. (5) it follows the following probability estimate for related
plate thickness reduction due to corrosion, D1ðtÞ, with respect to
the inner bottom plates:

where t >7 (years) is a ship's age and 0 � r1 < r2. If r1 ¼ 0, r2 ¼ 0:5

Table 3a
Statistical parameters of c1 for IBP.

IBP - summary statistics

Variable Observations Minimum Maximum Mean Standard deviation

Tcl ¼ 5 years 464 0.025 0.330 0.156 0.077
Tcl ¼ 6 years 464 0.026 0.367 0.169 0.084
Tcl ¼ 7 years 464 0.028 0.467 0.185 0.094

Pðr1ðt � 7Þ � D1ðtÞ � r2ðt � 7ÞÞz4:244
Zr2

r1

expð � 56:587ðx� 0:185Þ2dx; (7)
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Table 3b
The three best fitted distributions of c1 for IBP.

Distribution Parameter value KolmogoroveSmirnov statistic Anderson- Darling statistic c2

Statistic

IBP
Tcl ¼ 5 years

Weibull 2.135 0.05886 2.5092 19.159
0.176

Normal 0.156 0.06754 4.3073 25.939
0.077

Logistic 0.154 0.08842 8.024 54.814
0.047

Distribution Parameter value KolmogoroveSmirnov statistic Anderson- Darling statistic c2

Statistic

IBP
Tcl ¼ 6 years

Weibull 2.123 0.06262 2.2242 7.1317
0.191

Normal 0.169 0.07155 3.7626 20.863
0.084

Logistic 0.167 0.09245 7.2114 46.93
0.050

Distribution Parameter value KolmogoroveSmirnov statistic Anderson- Darling statistic c2

Statistic

IBP
Tcl ¼ 7 years

Normal 0.185 0.05985 2.6941 26.83
0.094

Weibull 2.069 0.05583 1.7196 27.548
0.209

Logistic 0.183 0.08063 5.4768 40.719
0.056

Table 4
The empirical values and the values of PDF for three best fitted distributions for c1 with respect to IBP.

IBP Tcl ¼ 5 years

Lower bound Upper bound Empirical PDF of c1 f ðlÞc1 ðxÞ f ðnÞc1 ðxÞ f ðwÞ
c1 ðxÞ

0 0.034 0.045 0.035 0.036 0.030
0.034 0.068 0.106 0.066 0.071 0.094
0.068 0.102 0.151 0.111 0.116 0.145
0.102 0.136 0.149 0.158 0.156 0.170
0.136 0.17 0.119 0.181 0.174 0.167
0.17 0.204 0.123 0.160 0.161 0.141
0.204 0.238 0.110 0.113 0.122 0.105
0.238 0.272 0.129 0.068 0.077 0.069
0.272 0.306 0.060 0.037 0.040 0.041
0.306 0.34 0.009 0.019 0.017 0.021

IBP Tcl ¼ 6 years
Lower bound Upper bound Empirical PDF of c1 f ðlÞc1 ðxÞ f ðnÞc1 ðxÞ f ðwÞ

c1 ðxÞ

0 0.037667 0.047 0.036 0.037 0.031
0.037667 0.075333 0.110 0.068 0.074 0.099
0.075333 0.113 0.138 0.116 0.120 0.151
0.113 0.150667 0.175 0.165 0.161 0.174
0.150667 0.188334 0.123 0.184 0.177 0.168
0.188334 0.226 0.116 0.159 0.160 0.139
0.226 0.263667 0.110 0.108 0.119 0.101
0.263667 0.301334 0.142 0.063 0.072 0.065
0.301334 0.339 0.028 0.033 0.036 0.038
0.339 0.376667 0.011 0.017 0.015 0.019

IBP Tcl ¼ 7 years
Lower bound Upper bound Empirical PDF of c1 f ðlÞc1 ðxÞ f ðnÞc1 ðxÞ f ðwÞ

c1 ðxÞ

0 0.047667 0.067 0.045 0.047 0.046
0.047667 0.095333 0.153 0.091 0.098 0.133
0.095333 0.143 0.151 0.156 0.157 0.187
0.143 0.190667 0.157 0.206 0.196 0.196
0.190667 0.238334 0.164 0.195 0.190 0.168
0.238334 0.286 0.136 0.134 0.144 0.122
0.286 0.333667 0.121 0.073 0.085 0.076
0.333667 0.381334 0.030 0.035 0.039 0.041
0.381334 0.429 0.017 0.016 0.014 0.019
0.429 0.476667 0.004 0.007 0.004 0.008
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Table 5
The empirical values and the values of CDF for three best fitted distributions for c1 with respect to IBP.

IBP Tcl ¼ 5 years

Lower bound Upper bound Empirical CDF of c1 FðlÞc1 ðxÞ FðnÞc1 ðxÞ FðwÞ
c1 ðxÞ

0 0.034 0.045 0.035 0.036 0.03
0.034 0.068 0.151 0.101 0.107 0.124
0.068 0.102 0.302 0.212 0.223 0.269
0.102 0.136 0.451 0.37 0.379 0.439
0.136 0.17 0.57 0.551 0.553 0.606
0.17 0.204 0.693 0.711 0.714 0.747
0.204 0.238 0.803 0.824 0.836 0.852
0.238 0.272 0.803 0.824 0.836 0.852
0.272 0.306 0.992 0.929 0.953 0.962
0.306 0.34 1.000 0.948 0.97 0.983

IBP Tcl ¼ 6 years
Lower bound Upper bound Empirical CDF of c1 FðlÞc1 ðxÞ FðnÞc1 ðxÞ FðwÞ

c1 ðxÞ

0 0.037667 0.047 0.036 0.037 0.031
0.037667 0.075333 0.157 0.104 0.111 0.13
0.075333 0.113 0.295 0.22 0.231 0.281
0.113 0.150667 0.47 0.385 0.392 0.455
0.150667 0.188334 0.593 0.569 0.569 0.623
0.188334 0.226 0.709 0.728 0.729 0.762
0.226 0.263667 0.819 0.836 0.848 0.863
0.263667 0.301334 0.819 0.836 0.848 0.863
0.301334 0.339 0.989 0.932 0.956 0.966
0.339 0.376667 1.000 0.949 0.971 0.985

IBP Tcl ¼ 7 years
Lower bound Upper bound Empirical CDF of c1 FðlÞc1 ðxÞ FðnÞc1 ðxÞ FðwÞ

c1 ðxÞ

0 0.047667 0.067 0.045 0.047 0.046
0.047667 0.095333 0.22 0.136 0.145 0.179
0.095333 0.143 0.371 0.292 0.302 0.366
0.143 0.190667 0.528 0.498 0.498 0.562
0.190667 0.238334 0.692 0.693 0.688 0.73
0.238334 0.286 0.828 0.827 0.832 0.852
0.286 0.333667 0.949 0.9 0.917 0.928
0.333667 0.381334 0.949 0.9 0.917 0.928
0.381334 0.429 0.996 0.951 0.97 0.988
0.429 0.476667 1 0.958 0.974 0.996

Fig. 2. The empirical PDF and the graphics of PDF of three best fitted distributions of c1 for IBP with Tcl ¼ 5 years.
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mm/years, then taking t ¼ 10; 15, 20, 25 (years) into estimation
given by Eq. (7) gives

PðD1ð10Þ � 1:5mmÞ ¼ PðD1ð15Þ � 4mmÞ ¼ PðD1ð20Þ � 6:5mmÞ
¼ PðD1ð25Þ � 9mmÞz0:975:

Notice that, using 1104measurements of corrosion rate for inner
bottom plates of 109 bulk carriers' surveys, under condition that
Tcl ¼ 5 years, Paik et al. (2003b) attributed that among Weibull
distributions for c1 (the corrosion rate of IBP) the best fit is those
with scale parameter a ¼ 0:1403 and shape parameter l ¼ 1:5118
(i.e., with mean m ¼ 0:1265 (mm/year) and standard deviation s ¼
0:085 (mm/year)). Table 3a) shows that the best fitted distribution
for c1 of IBP concerning the case Tcl ¼ 5 years is the Weibull dis-
tribution (whose PDF is given by Eq. (6)) with scale parameter a ¼
0:176 and shape parameter l ¼ 2:135 (i.e., with mean m1 ¼ 0:156
(mm/year) and standard deviation s1 ¼ 0:077 (mm/year)). It fol-
lows that m1 � m ¼ 0:0295 (mm/year) and s1 � s ¼ �0:008 (mm/
year) which shows that these two fitted Weibull distributions for
c1of IBP are very close. The graphics of CDF of these two distribu-
tions are given in Fig. 4, where the graphic of CDF of our distribution
is given below.

It can be noted that under the same measurements corrosion
data for inner bottom plates of surveyed bulk carriers and the
assumption that Tcl ¼ 4 years, Ivo�sevi�c et al. (2017) obtained that
among two-parameters continuous distributions the logistic dis-
tribution and the normal distribution are two best fitted distribu-
tions for c1.

3.2.2. The case of side watertight girder
Now the case of side watertight girder is considered. Then by

using the set of 422measurements of plate thickness reduction due
to corrosion, dðtÞ (depth of corrosion in mm) with respect to 32
ship's surveys, Eq. (3) implies the following statistical results, given
in Tables 6e8.

Numerical results from the first part of Tables 7 and 8 (the case
Tcl ¼ 7 years) are graphically presented in Figs. 5 and 6,

respectively.
Table 6 b) shows that for Tcl ¼ 5 years, Tcl ¼ 6 years and Tcl ¼ 7

years, the best fitted distribution for the corrosion rate c1 of side
watertight girder with respect to any of three considered statistical
tests is the normal distributionwhose probability density functions
are respectively given by

f ðnÞc1 ðxÞ ¼ 3:989,exp
�
� 50ðx� 0:18Þ2

�
for �∞< x< þ∞;

f ðnÞc1 ðxÞ¼3:660,exp
�
�42:084ðx�0:194Þ2

�
for �∞<x< þ∞

and

Fig. 3. The empirical CDF and the graphics of PDF of three best fitted distributions of c1 for IBP with Tcl ¼ 5 years.

Fig. 4. The graphics of CDF of two fitted Weibull distributions of c1 for IBP with Tcl ¼ 5
years.
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f ðnÞc1 ðxÞ ¼ 3:297,exp
�
� 24:151ðx� 0:211Þ2

�
for �∞< x<

þ∞:

(8)

Namely, among the three best fitted distributions (normal,
Weibull and logistic), normal distribution had the lowest test sta-
tistic and the highest p-value. Notice that the means of the above
three distributions are respectively equal to 0.18, 0.194 and 0.211
(mm/year), while their standard deviations are respectively equal
to 0.10, 0.109 and 0.121 (mm/year). For example, from Eq. (8) and
the estimate given by Eq. (5) it follows the following probability
estimate for related plate thickness reduction due to corrosion,
D2ðtÞ, with respect to the side watertight girder:

Pðr1ðt � 7Þ � D2ðtÞ

� r2ðt � 7ÞÞz3:297
Zr2

r1

expð � 24:15ðx� 0:211Þ2dx;

(9)

where t >7 (years) is a ship's age and 0 � r1 < r2. If r1 ¼ 0, r2 ¼ 0:5
mm/years. Then taking t ¼ 10; 15, 20, 25 in Eq. (9) it follows that

PðD1ð10Þ � 1:5mmÞ ¼ PðD1ð15Þ � 4mmÞ ¼ PðD1ð20Þ � 6:5mmÞ
¼ PðD1ð25Þ � 9mmÞz 0:951:

3.3. Statistical sensitivity analysis on differences of depth of
corrosion of inner bottom plates and side watertight girder

By using some statistical results of the previous subsection,
some probabilistic estimates concerning the values of corrosion
rates of IBP and SWG can be obtained. For these purposes, the
difference c1ðIBPÞ � c1ðSWGÞ of the corrosion rates of IBP and SWG
is considered. For a fixed coating life Tcl2f5;6;7g(years), the fitted
normal distributions XðTclÞ for c1ðIBPÞ and YðTclÞ for c1ðSWGÞare
considered, respectively.

It is well known that if X and Y are independent normally
distributed random variables, then its difference X � Y is also nor-
mally distributed random variable. More precisely, if X : Nðm1; s1Þ
and Y : Nðm2; s2Þ are such random variables with means m1 and m2,
respectively, and with standard deviations s1 and s2, respectively,

then X� Y : Nðm1 � m2;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s21 þ s22

q
Þ, i.e., X � Y is a normal distribution

with mean m1 � m2 and standard deviation
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s21 þ s22

q
.

Under above notations, the previous fact and fitted normal
distributions XðTclÞ and YðTclÞ (Tcl ¼ 5, 6, 7 (years)) from Tables 3b)
and 6b), respectively, assuming that XðTclÞ and YðTclÞ are indepen-
dent random variable, allow to obtain the probability estimates for

Table 6a
Statistical parameters of c1 for SWG.

SWG - summary statistics

Variable Observations Minimum Maximum Mean Standard deviation

Tcl ¼ 5 years 422 0.020 0.460 0.180 0.100
Tcl ¼ 6 years 422 0.021 0.575 0.194 0.109
Tcl ¼ 7 years 422 0.022 0.767 0.211 0.121

Table 6b
The three best fitted distributions of c1 for SWG.

Distribution Parameter value KolmogoroveSmirnov statistic Anderson -Darling statistic c2

Statistic

SWG
Tcl ¼ 5 years

Normal 0.180 0.08611 4.8865 60.199
0.100

Logistic 0.180 0.10864 7.7472 70.838
0.060

Weibull 1.834 0.12055 6.6048 90.314
0.202

Distribution Parameter value KolmogoroveSmirnov statistic Anderson- Darling statistic c2

Statistic

SWG
Tcl ¼ 6 years

Normal 0.194 0.08684 4.5341 47.639
0.109

Logistic 0.194 0.10936 7.3079 67.909
0.064

Weibull 1.826 0.10957 6.2132 77.663
0.218

Distribution Parameter value KolmogoroveSmirnov statistic Anderson- Darling statistic c2

Statistic

SWG
Tcl ¼ 7 years

Normal 0.211 0.08057 4.0855 49.077
0.121

Logistic 0.209 0.10311 6.4891 65.219
0.071

Weibull 1.790 0.09811 5.639 68.576
0.237

�S. Ivo�sevi�c et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 165e177 173



the related differencesXðTclÞ� YðTclÞ. For example, for Tcl ¼ 7 years
Table 3b) and 6b) show that Xð7Þ : Nð0:185;0:094Þ and
Yð7Þ : Nð0:211;0:121Þ, and therefore,

c1ðSWGÞ � c1ðIBPÞ ¼ YðTclÞ � XðTclÞ : Nð0:026; 0:153Þ: (10)

If FTcl ðxÞ denotes CDF of normal distribution XðTclÞ � YðTclÞ (Fig. 7
for Tcl ¼ 7 years), then for example, from Eq. (10) it follows that for
Tcl ¼ 7 years,

Pðc1ðSWGÞ> c1ðIBPÞÞ ¼ Pðc1ðSWGÞ � c1ðIBPÞ>0Þ
¼ PðXð7Þ � Yð7Þ>0Þ ¼ 1� F7ð0Þ
¼ 1� 0:424 ¼ 0:576:

The similar probability estimates hold for the differences
c1ðSWGÞ � c1ðIBPÞ with Tcl ¼ 5 years and Tcl ¼ 6 years. This con-
firms the fact that the corrosion rate of SGW is mainly higher than
those of IBP.

More precisely, the analysis of the corrosion rate data, which are
obtained through the variation of the assumed corrosion initiation
time (Tcl ¼ 5, 6 and 7 years) leads to the conclusion that the
corrosion rate of side watertight girder plates is mainly higher than
the corrosion rate of inner bottom plates. Namely, the concluding
facts established in this paper can be summarized as follows.

The factors accelerating the corrosion process are described in
Introduction. The reasons for dynamic and accelerated corrosion
process of one structural area in comparison with the other area
should be found in the multiplier effects of the particular factors.

Since one side of each structural area analyzed is exposed to hot
fuel inside the tank, the corrosion emerging on the outer side can
indicate a dominant influence of a medium on the corrosion rate.

The corrosion rate of the boundary plates between the fuel oil
tanks and the water ballast tanks (side watertight girder) is mainly
higher than the corrosion rate of the boundary plates between the
fuel oil tanks and the cargo holds (inner bottom plates). This may be
due to:

a) the influences of the changeable drainage and filling cycles
(which accelerate dryewet cycles) of the ballast tanks with
ballast water;

b) significant temperature changes that are caused by the heating
of the fuel in the tank;

c) dynamic vibrations that increase the pressure in the contact
zones and that are caused by manipulative equipment in the
cargo holds.

Finally, the rate of corrosion emerging on side watertight girder
plates under the influence of ballast water is mainly higher than the
rate of corrosion emerging under multiple influences inside the
cargo holds (the type of corrosive cargo, rust removal system,
manipulative equipment etc.). The latter influences are evident in
inner bottom plates. This substantiates the previous research about
the dominant influence of sea water on the corrosion process.

Similarly, Paik et al. (2003b) indicated that the corrosion rate of
inner bottom plates is the highest among the corrosion rates of

Table 7
The empirical values and the values of PDF for three best fitted distributions for c1 with respect to SWG.

SWG Tcl ¼ 5 years

Lower bound Upper bound Empirical PDF of c1 f ðlÞc1 ðxÞ f ðnÞc1 ðxÞ f ðwÞ
c1 ðxÞ

0 0.047 0.109 0.051 0.056 0.066
0.047 0.094 0.166 0.094 0.103 0.151
0.094 0.141 0.097 0.151 0.153 0.185
0.141 0.188 0.109 0.191 0.183 0.180
0.188 0.235 0.182 0.182 0.177 0.149
0.235 0.282 0.194 0.131 0.137 0.109
0.282 0.329 0.083 0.077 0.086 0.072
0.329 0.376 0.033 0.040 0.044 0.043
0.376 0.423 0.017 0.019 0.018 0.023
0.423 0.47 0.009 0.009 0.006 0.012

SWG Tcl ¼ 6 years
Lower bound Upper bound Empirical PDF of c1 f ðlÞc1 ðxÞ f ðnÞc1 ðxÞ f ðwÞ

c1 ðxÞ

0 0.0585 0.173 0.062 0.069 0.086
0.0585 0.117 0.145 0.124 0.133 0.188
0.117 0.1755 0.095 0.197 0.193 0.215
0.1755 0.234 0.194 0.222 0.211 0.190
0.234 0.2925 0.194 0.171 0.174 0.140
0.2925 0.351 0.142 0.097 0.108 0.089
0.351 0.4095 0.031 0.046 0.051 0.050
0.4095 0.468 0.017 0.020 0.018 0.025
0.468 0.5265 0.005 0.008 0.005 0.011
0.5265 0.585 0.005 0.003 0.001 0.004

SWG Tcl ¼ 7 years
Lower bound Upper bound Empirical PDF of c1 f ðlÞc1 ðxÞ f ðnÞc1 ðxÞ f ðwÞ

c1 ðxÞ

0 0.077667 0.206 0.085 0.094 0.127
0.077667 0.155333 0.156 0.183 0.187 0.248
0.155333 0.233 0.204 0.266 0.250 0.246
0.233 0.310667 0.220 0.225 0.224 0.182
0.310667 0.388334 0.156 0.119 0.134 0.108
0.388334 0.466 0.045 0.048 0.054 0.054
0.466 0.543667 0.007 0.017 0.014 0.023
0.543667 0.621334 0.000 0.006 0.003 0.008
0.621334 0.699 0.000 0.002 0.000 0.003
0.699 0.776667 0.005 0.001 0.000 0.001
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Table 8
The empirical values and the fitted values of CDF for c1 of SWG.

SWG Tcl ¼ 5 years

Lower bound Upper bound Empirical CDF of c1 FðlÞc1 ðxÞ FðnÞc1 ðxÞ FðwÞ
c1 ðxÞ

0 0.047 0.109 0.051 0.056 0.066
0.047 0.094 0.275 0.145 0.159 0.217
0.094 0.141 0.372 0.296 0.312 0.402
0.141 0.188 0.481 0.487 0.495 0.582
0.188 0.235 0.663 0.669 0.672 0.731
0.235 0.282 0.857 0.8 0.809 0.84
0.282 0.329 0.94 0.877 0.895 0.912
0.329 0.376 0.94 0.877 0.895 0.912
0.376 0.423 0.99 0.936 0.957 0.978
0.423 0.47 0.999 0.945 0.963 0.99

SWG Tcl ¼ 6 years
Lower bound Upper bound Empirical CDF of c1 FðlÞc1 ðxÞ FðnÞc1 ðxÞ FðwÞ

c1 ðxÞ

0 0.0585 0.173 0.062 0.069 0.086
0.0585 0.117 0.318 0.186 0.202 0.274
0.117 0.1755 0.413 0.383 0.395 0.489
0.1755 0.234 0.607 0.605 0.606 0.679
0.234 0.2925 0.801 0.776 0.78 0.819
0.2925 0.351 0.943 0.873 0.888 0.908
0.351 0.4095 0.974 0.919 0.939 0.958
0.4095 0.468 0.974 0.919 0.939 0.958
0.468 0.5265 0.996 0.947 0.962 0.994
0.5265 0.585 1.001 0.95 0.963 0.998

SWG Tcl ¼ 7 years
Lower bound Upper bound Empirical CDF of c1 FðlÞc1 ðxÞ FðnÞc1 ðxÞ FðwÞ

c1 ðxÞ

0 0.077667 0.206 0.085 0.094 0.127
0.077667 0.155333 0.362 0.268 0.281 0.375
0.155333 0.233 0.566 0.534 0.531 0.621
0.233 0.310667 0.786 0.759 0.755 0.803
0.310667 0.388334 0.942 0.878 0.889 0.911
0.388334 0.466 0.987 0.926 0.943 0.965
0.466 0.543667 0.994 0.943 0.957 0.988
0.543667 0.621334 0.994 0.943 0.957 0.988
0.621334 0.699 0.994 0.951 0.96 0.999
0.699 0.776667 0.999 0.952 0.96 1

Fig. 5. The empirical PDF and the graphics of PDF of three best fitted distributions of c1 for SWG with Tcl ¼ 7 years.
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other examined structures. However, this paper shows that side
watertight girder of fuel oil tanks is the structural area of aged bulk
carriers which decays faster than others.

4. Conclusion

This paper continues the authors' study of the probabilistic
corrosion rate estimation model for inner bottom plates of bulk
carriers. It is presented a probabilistic corrosion rate estimation
model concerning two ship hull structure members (inner bottom
plates and side watertight girder) as a part of fuel oil tanks of
analyzed 25 bulk carriers. Motivated by numerous earlier in-
vestigations and the known fact that many factors which influence
corrosion wastage of ship hull structures are of uncertain nature,

related corrosion rate (c1) is considered here as a real-valued
continuous random variable. It is interesting to notice that in all
considered cases, applying three basic statistical tests on available
data on depth of corrosion, it is confirmed that between two-
parameters continuous distributions, normal, Weibull and logistic
distributions are the best fitted distributions for c1. Note that the
presented statistical, numerical and graphical results concerning
two mentioned ship hull structure members allow to compare and
discuss the corresponding probabilistic estimates forc1.

In this paper it is obtained that Weibull distribution is the best
fitted distributions for probabilistic estimation of corrosion rate c1
for IBP. It is noted that this result is in accordance to these indicated
by Yamamoto et al. (1994); Yamamoto and Ikegami (1996); Paik
et al. (1998, 2003b), i.e., that it can be usually assumed that the
probability density function (PDF) of the corrosion rate follows the
Weibull distribution. Since the expression (3) shows that the input
related data for the corrosion rate c1 significantly depend of the
initial value Tcl, it is natural that the corresponding most fitted
probability distribution for c1 should be changed in dependence on
the increase Tcl. In particular, this is the case of IBP for which the
increase of Tcl from 6 to 7 years implies that normal distribution
becomes the best fitted distribution forc1. Of course, the analogous
considerations can be given for the case of SWG.

Clearly, here proposed statistical methodology could be applied
for related study involving other ship hull structure members of
bulk carriers and for comparing their corrosion annualized rates in
probabilistic sense.

The results of the research indicate that the existence of fuel
tanks in bulk carrier double bottoms accelerates the corrosion of
the contact structural elements of the tanks. This means that
impermeable girders (SWG) are liable to more intensive corrosion
rates than inner bottom plating (IBP) which was previously iden-
tified as the area of the highest rates of corrosion.

As both areas analyzed were exposed to heated fuel from the
inside and multiple external influences (ballast, air, cargo) from the

Fig. 6. The empirical PDF and the graphics of PDF of three best fitted distributions of c1 for SWG with Tcl ¼ 7 years.

Fig. 7. CDF of the fitted normal distribution for the difference c1ðSWGÞ � c1ðIBPÞ with
Tcl ¼ 7 years.
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outside, the research confirms the previous finding that the in-
fluences of ballast seawater lead to higher corrosion rates than
multiple influences inside the cargo holds (the type of corrosive
cargo, rust removal system, manipulative equipment, etc.)

Accordingly, the paper emphasizes the significance of the rele-
vant nominal design corrosion values for bulk carrier structures
which can be used by naval architects in the process of bulk carrier
design. Furthermore, the paper identifies the area most liable to
decay caused by corrosion, which can contribute to the creation of
new instructions for maintenance planning process and to the
establishment of the new classification society rules and regula-
tions regarding survey and inspection of different structural ele-
ments of the ship hull during the exploitation. In that way the
potential risk of oil outflow from the fuel tanks to adjacent ballast
tanks would be eliminated and potential pollution of the environ-
ment caused by oil outflowwould be prevented, thereby improving
the safety of bulk carriers.
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